A direct measurement of the London penetration depth in the high-T c superconductor YBa 2 Cu 3 O 6.92 has been made using low-energy SR with an effective background suppression method. The average magnetic field versus mean depth was measured in the Meissner state of high-purity detwinned crystals of YBa 2 Cu 3 O 6.92 . The resulting magnetic field profiles along the a and b axes are consistent with a local London model beyond 10 nm but there are deviations close to the surface. The absolute values of a and b extrapolated to zero temperature are 126.1Ϯ 1.2Ϯ 3 and 105.5Ϯ 1.0Ϯ 3 nm, respectively. These results are compared with other less direct methods and extend the use of low-energy SR to small crystals.
One of the fundamental quantities of a superconductor is the London penetration depth, , which is the characteristic length scale that a magnetic field penetrates into the surface of a superconductor while in the Meissner state. 1 In the clean limit the absolute value of is directly related to the superfluid density n s via 1 / 2 = 0 e 2 n s / m and consequently its variation as a function of temperature, doping and orientation are of central importance in testing microscopic theories of exotic superconductors. For example, the linear variation in 1 / 2 with respect to temperature was a key finding confirming the d-wave nature of the pairing in YBa 2 Cu 3 O 6+x . 2, 3 Also, early SR studies of the vortex phase in polycrystalline samples found a linear correlation between 1 / 2 and T c in the underdoped region. [4] [5] [6] More recent measurements on crystals both in the Meissner 7 and vortex states 8 indicate this systematic variation with doping is sublinear and may be connected with an approach to a quantum-critical point. 7, 9 The large in-plane anisotropy of in YBa 2 Cu 3 O 6.95 measured with IR reflectivity, 10 was taken as evidence for a multiband effect, whereby a one-dimensional Fermi sheet associated with the CuO chains in YBa 2 Cu 3 O 6.95 contributes to the superfluid flowing in the chain direction. 11 This is a unique feature of YBa 2 Cu 3 O 6+x which distinguishes it from other cuprates. Accurate measurements of the absolute value of and its anisotropy are required to clarify central issues in YBa 2 Cu 3 O 6+x and more generally in the area of exotic superconductors.
Unfortunately, accurate measurements of are difficult due to many possible systematic uncertainties. For example, in any bulk measurement the assumption of an exponential decay of the field in the Meissner state is only valid in the local London limit of a perfect surface. 1 This adds uncertainty to all bulk measurements where the field profile is assumed and not measured. Alternatively, one can determine from SR studies in the vortex state where the muon acts as a sensitive probe of the magnetic field distribution. 8, 12, 13 However, in this case the nonlocal and nonlinear effects complicate the theory 14 leading to an effective-fielddependent penetration depth. Until now there has been no way to verify to what extent this effective penetration depth reflects the true in the Meissner state. The most direct method is to measure the field profile and in the Meissner state using a beam of low energy muons. This requires no a priori knowledge of the superconducting state. However, until now this has only been possible on large area polycrystalline films 15, 16 where the doping and scattering are not well defined. In this Rapid Communication we report a direct measurement of the magnetic field profile in an oriented mosaic of the latest generation of high-purity crystals of YBa 2 Cu 3 O 6.92 using low-energy SR. An effective background suppression method was developed to extend lowenergy SR to studies of small crystals. We observe an exponential decay of the magnetic field and corresponding supercurrent density deep inside the crystals. The results for the absolute value of lambda and its anisotropy are compared with previous less direct methods for measuring .
The freshly grown crystals of YBa 2 Cu 3 O 6.92 were made by the self-flux method using BaZrO 3 crucibles. 17 The purity of this latest generation of crystals is the same as for crystals in which quantum oscillations in resistivity have recently been reported. 18 Superconducting quantum interference device measurements indicate that the average superconducting T c was 94.1 K with a spread of less than 0.1 K. Each of the crystals was approximately rectangular in shape with lateral dimensions in the ab plane ranging from 1 to 3 mm and a thickness in the c direction ranging from 0.1 to 0.3 mm. They were detwinned to a level greater than 95%. The total area of the mosaic was 55 mm 2 . The crystal faces were mirrorlike in appearance and atomic force microscopy indicates the roughness of the surface to be a few nm.
The experiment was performed at the Paul Scherrer Institute on the E4 beamline, 19 where the low-energy muons are produced at a rate of about 10 4 / s using a solid Ar moderator capped with 12 nm of N 2 . After emerging from the moderator with an average energy of about 20 eV, the low-energy muons are accelerated to 15 keV, and transported electrostatically to the SR spectrometer located 2.2 m away. The entire transport system as well as the spectrometer are main-tained in an UHV environment. Incoming muons are detected with a thin carbon foil trigger detector and reach the entrance to the cryostat with a mean energy of 14.1 keV and an asymmetric energy spread of 0.42 keV. The implantation energy is varied by applying a voltage to the sample holder, which is electrically isolated from the cryostat via a sapphire plate. Further details on the low-energy muon production, the beam transport and the spectrometer can be found elsewhere. 20 Implantation profiles are calculated with TRIM.SP ion implantation code taking into account the spread in energy and incident angle of muons reaching the sample. 21 The reliability of this code to calculate muon implantation profiles has been tested in separate measurements. 22 The uncertainty in the mean implantation depth in YBa 2 Cu 3 O 6.92 is estimated to be about 2% of the mean depth ͑ϳ2 nm͒ and is the largest source of systematic uncertainty in the absolute values for a and b reported here. The crystals were attached to a high-purity Al sample holder coated with 1 m of Ni. Since the Ni is ferromagnetic, muons which miss the sample experience a large hyperfine field 23 and thus are removed from the frequency window of interest. Consequently, there is no detectable background precession signal close to the free Larmor frequency. This very effective background suppression method was the critical step which allows lowenergy SR to be applied to crystals much smaller than the beam diameter. The external magnetic field was applied parallel to the surface in the ab plane and perpendicular to the beam direction.
Examples of the muon precession signals in the crystal mosaic may be seen in Fig. 1 . Figure 1͑a͒ shows the muon precession signal in the normal state at 110 K in a small magnetic field of 9.46 mT applied along the a axis of the crystals with an implantation energy at 14.1 keV. The amplitude of the precession is less than the maximum instrumental asymmetry of 0.28 due to the fact that about 40% of the muons land in the mosaic while the remaining 60% end up in the polycrystalline Ni film coating on the sample holder. Control experiments on a Ag disk the same size as the sample showed that the magnetic perturbation from such a thin layer of Ni has no effect on the precession signal in the sample under study. This is evident from Fig. 1͑a͒ where the observed frequency corresponds to the applied field with a damping rate of ͑0.086Ϯ 0.011͒ s −1 which is consistent with the expected damping from host Cu nuclear dipole moments. All measurements in the superconducting state were carried out under zero-field-cooled conditions in order to avoid flux trapping at the surface. Meissner screening of the external field is apparent by comparing the normal state ͓Fig. 1͑a͔͒ with the superconducting state ͓Fig. 1͑b͔͒. Note that, in addition to the increased damping rate, there is also a clear reduction in the average precession frequency or internal field in the superconducting state. The depth dependence of the average internal field is evident by comparing Figs. 1͑b͒ and 1͑c͒ which have different implantation profiles ͑see in-sets͒. The curves in Figs. 1͑b͒ and 1͑c͒ are generated from fits to a London model profile:
where B 0 is the magnitude of the applied field, a,b is the magnetic penetration depth in the a or b direction, respectively, z is the depth into the crystal, and d is an effective dead layer inside of which the supercurrent density is suppressed. A theoretical muon precession signal A͑t͒ at each energy was generated by taking the signal from a particular depth z and then averaging over the calculated stopping distribution ͑z͒
where ␥ is the muon gyromagnetic ratio, A is the initial amplitude of precession, is the initial phase of the incoming muon spins, and is a parameter which takes into account any inhomogeneous broadening. Well below T c , is about 0.6 s −1 and is dominated by bulk magnetization effects, whereby flux expelled from neighboring crystals broadens the magnetic field distribution at the surface of any given crystal. This is confirmed by the fact that remains temperature independent up until around 0.8T c and then decreases rapidly as one approaches T c , as expected from bulk magnetization effects. The parameter also has a weak energy dependence and is only weakly correlated with a and b . Figure 2 shows the average local field ͓͗B͘ = ͐͑z͒B͑z͒dz͔ determined from fits at a single energy as a function of beam energy ͑bottom scale͒ and corresponding mean implantation depth ͑top scale͒. The filled circles and open diamonds are from data taken with the shielding currents flowing along the a and b axes, respectively, ͑or equivalently the magnetic field along the b and a axes, re-spectively͒. The corresponding curves are generated from a global fit of runs taken at 8 K for both orientations and all energies using the calculated TRIM.SP implantation profiles. 21 A few examples of implantation profiles are shown as insets in Fig. 1 . The common parameters are a = 128.9͑1.2͒ nm, b = 108.4͑1.0͒ nm, and d = 10.3͑5͒ nm. Statistical uncertainties are determined from the global 2 surface and take into account the strong correlation between a,b and d. Since there is almost no correlation between d and a / b , this ratio is determined more accurately than the absolute values of a and b as shown in the first row of Table I . Our model provides an excellent fit to the data as indicated by the fact that the 2 per degree of freedom is 1.05. This is also evident from Fig. 2 which shows the average field falls exponentially from the surface for higher implantation energies. Some deviation from a simple exponential is evident from the curvature in the fitted curve at the lowest energies, required so that the field at the surface equals the applied field. This implies that the supercurrent density is suppressed near the surface relative to a London model. We have modeled this in the simplest possible way by assuming a dead layer d with no supercurrent. This is idealized but the nature of the data does not warrant more complicated models. It is unclear to what extent this suppression of the supercurrent density is intrinsic as a result of the discontinuous nature of electronic properties near a surface. There are no other measurements of electromagnetic properties as a function of depth in YBa 2 Cu 3 O 6.92 crystals to compare with. Surface sensitive techniques such as scanning tunnel microscopy and angle resolved photoemission spectroscopy ͑ARPES͒ are only sensitive to the top few unit cells where the properties can be very different than in the bulk. Finally, we note a suppression of the supercurrent density was reported in a previous lowenergy SR study of the field profile in a thin film of YBa 2 Cu 3 O 6.92 and attributed to surface roughness. 15 It is difficult to exclude such extrinsic effects which could also lead to a suppression of the supercurrent density near a surface. Measurements on atomically flat cleaved surfaces are needed to resolve the true origin of d.
The absolute value of b as a function of temperature is shown in Fig. 3 . The data points are the fitted values of b determined from a fit to the model in Eq. ͑2͒ at a single implantation energy of 22 keV. Since d is not temperature dependent it was fixed at the value determined by the global fit at 8 K. Although the temperature dependence we measure is less precise than obtained from cavity perturbation techniques the method may be used to provide an important confirmation in regard to its accuracy. Systematic errors are most problematic in measurements of the absolute value of but they can also affect the measured temperature variation. The solid line is a linear fit of our data below 30 K and gives a slope of 0.35͑7͒ nm/K. This was used to extrapolate our measurement of b at 8 K down to zero temperature. The slope and extrapolated value depend slightly on the fitted temperature range adding an additional systematic error of about 1 nm. The same procedure was used to extrapolate a to 0 K. The first row in Table I gives our results for a and b in YBa 2 Cu 3 O 6.92 extrapolated to T = 0. The first error is the statistical uncertainty at 8 K whereas the second is a systematic uncertainty associated with the extrapolation to 0 K and the muon stopping distribution. At the moment, the latter dominates the overall uncertainty but should improve with refinements of the stopping distribution calculations. For comparison, we have also included measurements of a,b in YBa 2 Cu 3 O 6.92 from other less direct methods. There is surprisingly good agreement with the bulk SR measurement of the average in plane penetration depth in the vortex state on a previous generation of crystals. In that case ab was obtained by extrapolating the measurement of an effective field dependent in the vortex state down to zero magnetic field. 8 Until now there has been no way to test the accuracy of this extrapolation into the Meissner state. The agreement is remarkable considering there are several phenomenological parameters required to fit the data in the vortex state. The value obtained in this work is considerably shorter than that for a YBa 2 Cu 3 O 6.92 film. 15 However, the difference is understandable since the reduced T c of the film ͑87.5 K͒ indicates the doping level is much different than in the crystals. Also we find that the anisotropy is considerably less than found in early IR reflectivity measurements which first revealed the large anisotropy in . It is also less than reported for Gddoped Ortho-I phase ͑x = 6.995, T c =89 K͒ but we anticipate that the anisotropy and are a strong function of doping. 10 The anisotropy from the current work is close to vortex state measurements using SR ͑Ref. 24͒ and smallangle neutron scattering ͑SANS͒ on a large detwinned crystal of optimally doped YBa 2 Cu 3 O 6.92 . 25 This may be fortuitous since the effective ab penetration depth in this early generation of crystal appears to be considerably longer than in the current generation of high purity crystals. The current method should make it possible to study in much greater detail how the intrinsic and its anisotropy evolve as a function of doping in YBa 2 Cu 3 O 6+x and other exotic superconductors.
In summary we have used low-energy SR with an effective background suppression method to make a direct measurement of the magnetic field profile in the Meissner state of a mosaic of small detwinned single crystals of YBa 2 Cu 3 O 6.92 . The measured a and b are in surprisingly good agreement with average value of the in-plane magnetic penetration depth ab obtained from conventional SR studies of the vortex state of an earlier generation of crystals. This suggests that the effective-field-dependent penetration depth in the vortex state, at least in this one case, extrapolates to the actual London penetration depth in the Meissner state to within an accuracy of a few percent. The in-plane anisotropy a / b = 1.19Ϯ 0.01 is considerably less than reported from early IR studies and is similar to that found in electron spin resonance ͑ESR͒ studies on Gd-doped YBa 2 Cu 3 O 6.995 although the current measurement is far more accurate that either previous value. The measured anisotropy agrees with early SR and SANS experiments on a much earlier generation of crystal but this is likely fortuitous since the absolute values for a and b in that study are much longer than reported in the current study. The field profiles are exponential on the scale of but there are deviations close to the surface which are not yet understood. Most importantly we have demonstrated that low-energy SR can be used to study fundamental properties of small crystals. This will greatly increase the scientific impact of low-energy SR in the study of exotic superconductors.
